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After the discovery of supramolecularly templated oxides, the field of advanced porous materials has expanded, particularly in the area of templated thin films.[​[1]​,​[2]​,​[3]​] The possibility of obtaining optical quality materials with well defined and tuned pore arrays with controlled functional surfaces and precise spatial location in several length scales opened the path towards “intelligent surfaces”. A number of strategies have been developed to create mesoporous films (MPF) with a variety of oxide frameworks, compositions, organic functions and controlled nanometric inclusions.[​[4]​] So far, the field is mature enough to consider that monolayer MPF with well defined desired features in the mesoscopic or molecular scales can be synthesised in a reproducible way. These single layer films can be considered thus a “functional building block” for the construction of more complex architectures, which can give access to new properties arising from order in space at different length scales. A related example can be found in the field of three dimensional photonic structures, in which a mesoporous material has shown colour diffraction for the first time by casting it in the shape of an inverse opal.[​[5]​] The possibility of piling up MPF with different physico-chemical properties is a logical consequence of this approach. This concept has been only recently proved in different works. Multilayer stacks of films with different ordered porosity scales that afford continuous accessible pore systems with organic and inorganic functions separated in well defined locations in space have been built.[​[6]​] In addition, a mesoporous multilayer showing optical Bragg diffraction that shifts in the presence of solvents has been reported while this manuscript was in preparation, although no functional groups were incorporated in that case.[​[7]​] These works constitute the first examples of the great potential of these hierarchical structures.




A. Formation and characterization of mesoporous stacks. Mesoporous films of SiO2 and TiO2 were synthesised by dip-coating on flat glass or silicon substrates, followed by consolidation and controlled thermal treatments. Alternate deposition of two types of mesoporous layers (presenting different framework composition and/or porosity) gives rise to the desired one-dimensional periodicity in the z axis, at a larger length scale. The sequence of deposition + treatments in the strictly controlled conditions reported above is essential in order to obtain ordered pore systems, which present reproducible porosity. A periodic pore structure with high symmetry ensures that each pore is surrounded and interconnected with a well defined number of neighbouring pores, ensuring that the accessibility and transport of host molecules can be tuned. In addition, a careful post-treatment allows for the optimization of the mechanical properties of the multilayer stack, avoiding undesired residual stress that leads to crack formation. We observed that multilayer films made by repeating deposition and a short, uncontrolled thermal treatment present cracks after two or three deposition cycles. Contrary, by working under the conditions reported above, up to twelve alternate layers (N = 6) were deposited without observing any deterioration of the structural or optical quality of the coatings. 
Figure 1 shows high resolution FE-SEM and TEM images of multilayer systems. The low magnification field emission scanning electron microscopy (FESEM) image of a cross section of a mesoporous thin film multilayer shown in Figure 1(a) demonstrates the uniformity of the thickness of both types of layers over long distances, which ensures the good optical quality of the ensemble. Typical layer thickness ranges between 30 nm and 200 nm, depending on the withdrawal speed and the solution composition (see below). Darker slabs in the FESEM image correspond to the material with the lower electronic density, i.e., SiO2. Figures 1(b) and (c) show TEM images and energy filtered elemental maps of a cross section of an eight-layer system, 4(SF-TF), observable after thinning the sample by ion-milling. These images confirm the long range order of the mesoporous network present in the two basic constituent blocks of the multilayer, i.e., the SiO2 and the TiO2 slabs. In this case, darker layers correspond to TiO2. No significant interpenetration of the individual layers was observed by compositional analysis. The corresponding small angle X-ray scattering (SAXS) data that confirm the mesoscale order are shown in Figure 2: the films present a high order and orientation along the z axis (i.e. perpendicular to the surface); the pore domains are polyoriented in the xy plane.[10,​[8]​] This kind of orientation is the same as the one usually observed in monolayer or bilayer films.[6] Figure 1d shows a four-layer stack composed by SF and TB mesostructures; the patterns and distances correspond to 3D periodic mesostructures derived from a uniaxially contracted Im3m cubic mesophase, with [110] planes oriented parallel to the substrate (a = 9.1 and 16.8 nm for the titania and silica layers, respectively, as determined by SAXS, see Figure 2).[10] Figure 1e shows that titania thin films treated at T>350ºC present nanocrystalline walls, as observed in dark field imaging. The presence of a silica layer between the substrate and the mesoporous titania film seems to help development of the crystalline character.[​[9]​]

SAXS patterns of a 4(SF-TF) sample in 3° incidence reveal two sets of diffraction spots. In the example shown in Figure 2(a), one of them corresponds to the diffraction arising from (110) planes of a cubic Im3m structure in layers of mesoporous SiO2 (indicated by arrows) and the other one to (110) planes of a similar geometry in layers of mesoporous TiO2. The different positions are due to the different distorsions of each lattice. A larger contraction is observed for the TiO2 mesopore lattice (72%, compared to 60% for F 127-templated silica, as independently assessed by SAXS and TEM). This is a strong proof of the presence of different long range order mesoporous lattices in each type of layer. A normal incidence X-ray pattern is shown in the inset of Figure 2(a). Further confirmation of the high degree of structural order at the few nanometer length scale is found, up to four diffraction rings being observable. Rings are the result of the random xy orientation of mesostructured domains oriented with their [110] direction perpendicular to the substrate.[10] Pore size and network geometry can be designed by an adequate choice of the inorganic precursor, solvent and organic template employed.[1–4] In our case, we employed CTAB, Brij 56 or 58, and Pluronics F127, which allowed us to obtain 3D hexagonal (p63/mmc), or cubic (Im3m) derived mesostructures, with interconnected pores presenting controlled diameter between 3 and 10 nm, as can be seen in Figures 2 b-d. Complete information on the structural parameters that are attained depending on the synthetic procedure is shown in Table 1. 


B. Tailoring of the optical properties. Optical characterization was performed employing a Hewlett-Packard 8453 spectrophotometer in forward transmission mode. Sample areas of 1 cm2 were tested using normal incidence geometry. Pictures were taken with a digital camera, or with an optical microscope using a low numerical aperture objective, ensuring quasi-normal reflected light detection. Figure 3a shows the actual appearance of SF-TF thin films with increasing number of layers. The evolution of the optical properties in the visible as the number of periods is increased is shown in Figure 3b for an N(SF-TF) multilayer (N = number of periods, systems consist generally of 2N layers). A blue-shift and an increase of the depth of the Bragg dip accompany the addition of each pair of layers, as well as a decrease of its width, in good agreement with theoretical simulations. A 70% decrease of transmittance with respect to the background is reached for the structures with N=4. 
In Figure 4a, we illustrate how Bragg diffractions ranging from blue to red can be attained from multilayer films with the same composition and different slab thickness, obtained by varying the dip coating withdrawal speed; higher speeds lead to thicker films.[​[10]​,​[11]​] In all cases, minimum transmission dips correspond to the first order Bragg diffraction resulting from the destructive interference of normal incidence beams reflected at each interface and whose frequency is determined by the refractive index and the thickness of each film in the stack. Secondary minima are due either to second order Bragg diffractions, as explicitly indicated in Figure 4a and b, or to Fabry-Perot resonances arising from the interference of beams reflected at the top and bottom surfaces of the multilayer and that hence accounts for the finite size of the structure. In addition, the organic templates used to build the mesoporous network have a large effect on the optical features, as exemplified in Figure 4b. The template nature and concentration affect the porous volume, and therefore, the refractive index. In addition, the viscosity of the precursor solution is affected, therefore changing the slab thickness.[ 15] While variations of film thickness and refractive index modify the Bragg diffraction position, dielectric contrast affects its width and constitutes an additional control parameter.
The versatility of the method regarding the nature of the substrate was also confirmed by depositing our mesoporous Bragg reflectors both onto glass and silicon. Figure 4(c) displays the reflectance spectra of different photonic lattices on silicon, showing reflectivities close to 1, as a result of the high refractive index of the substrate.
The well-defined shape of all these optical features and the abrupt drop of intensity of the transmission dips assert the high optical quality of the stack. Further confirmation of its quality was obtained by fitting the spectra to theoretical simulations. We used a scalar wave approximation in which we introduced the film thickness measured in the FESEM as an average value and allowed a fluctuation of 10% to account for the effect of the experimental precision of the apparatus. Refractive indexes of mesoporous SiO2 and TiO2 were estimated from these fittings, which allowed us to estimate the porosity of each layer in dry conditions, by assuming the validity of the Maxwell-Garnett average dielectric constant approximation. Typical values of n=1.18-1.35 and 1.65-1.82 (corresponding to 29-58% and 30-45% porosity) are obtained for silica and titania-based films, respectively. An example of the theoretical spectra attained in one of these fittings is shown in Figure 5, along with a drawing of the modelled structure and the values of the different parameters extracted from it.
It is known that high surface area MPF present a quick and sensitive response to ambient vapors,[​[12]​] which can adsorb or even condense within the pore systems of each layer. In the case of a multilayer, this results in a change in the average refraction index, and therefore the colour, as recently shown.[7] Figure 6a shows UV-visible spectra corresponding to a 3(SF-TF) multilayer after different exposure times to 50% relative humidity atmosphere. A red-shift is observed while equilibrium with ambient conditions is reached. The initial peak position and shape are readily recovered when the film is dried in an oven, showing that the optical signals are reversible. Indeed, cycling is possible without damaging the material. The kinetics of the optical response of a 3(SF-TF) multilayer is analysed in Figure 6b, where a detailed analysis of the evolution of the Bragg diffraction position versus exposure time to 50% RH atmosphere is presented. Most of the vapour condenses within the pores during the first two minutes. An asymptotic behaviour is then observed, until equilibrium is reached.
Controlled introduction of optical dopants or defects is one of the areas that is currently attracting more interest within the field of materials chemistry based photonic crystals.​[13]​,​[14]​ In this regard, the procedure herein proposed allows to introduce highly uniform planar defects within the one dimensional photonic crystal structure simply by modifying the thickness of an inner layer during the dip-coating process. As a proof of concept, we built a TiO2 mid-layer almost twice as thick as those forming the periodic structure surrounding it, as shown in Figure 7(a). The effect on the optical properties can be clearly seen in Figure 7(b): The disruption of the periodicity gives rise to a recovery of the transmission for a narrow range of frequencies within the photonic bandgap of the one-dimensional photonic crystal. This is the fingerprint of the presence of an allowed state within the forbidden interval. Photons of such energy are spatially localized within the defect slab, thus implying longer matter-radiation interaction times. The spectral position of these defect states are much more sensitive to the environment than the photonic gap, which could be put into practice to build enhanced performance sensors based on photonic crystals.


C. Functionalization with organic groups. The possibility to selectively functionalize a mesoporous multilayer system is important in order to control sorption of molecules in a given type of layer. This can lead to a selective refraction index change, modulated by the presence of an organic function attached to the pore surface. To this end, multilayer systems were exposed to a solution containing dihexadecyl phosphate (DHDP), a molecule able to selectively modify the titania pores.[6] An analysis of the accessibility of the ordered mesopores in the stack towards DHDP and the subsequent functionalization is shown in Figure 9. 
Figure 9a shows a top view of the upper surface of the most external layer of a 4(SF-TF) multilayer. Fourier transform of the FESEM image, included as an inset, shows a well-defined “4+2” frequency pattern, which corresponds to a [110]-oriented pore arrangement of an Im3m mesophase. These outer mesopores are the access windows to all the mesopore networks present in the stack.[​[15]​] The study of the accessibility through these pores was done by monitoring the infrared transmission spectra as a function of time for TF-SF structures with different N, in contact with a solution of DHDP in THF. Figure 9b shows that DHDP uptake increases with the number of layers N present in TF-SF multilayers, indicating that even a bulky molecule is able to diffuse and totally reach at least up to four layers inside the stack. For systems with larger N, access to the lower layers is slower. Experiments are underway to optimise accessibility of this kind of molecules to the whole collection of mesoporous slabs. 
This uptake process is followed by washing with tetrahydrofurane, in order to remove DHDP which is non-specifically adsorbed onto silica. DHDP remains only bound to the TiO2 mesopore walls, in a similar fashion as was previously described in bilayered MPF.[6] This selective anchoring modifies the surface properties of the titania mesopore walls, while leaving the SiO2 pores unaffected. The same process can be performed with other phosphate or phosphonate based molecules such as methylphosphonate.





In conclusion, we have demonstrated that ordered mesoporous thin films can be used as building blocks to construct optical Bragg reflectors of high optical quality. These structures combine properties due to the periodic structuring at different length scales. The highly controlled porosity stemming from periodicity in the mesoscale permits to tailor the interaction with small molecules that can adsorb or even condense in the surface or pore system of the inorganic matrix, leading to a sensitive and reversible change in the optical Bragg diffraction position. In addition, we have shown that the optical response of these coloured mesoporous multilayers can be tuned through the selective introduction of functional groups in one type of the building blocks of these structures. A combination of the controlled deposition of templated films and selective surface functionalisation results in complex hierarchical materials, which are potentially useful for optical sensing or smart windows with environment-modulable properties. 

Experimental 
Mesoporous thin films were produced by dip-coating on glass or silicon substrates at 0.4-2 mm sec–1, under 40-50% relative humidity; alternatively, spin-coating can be used. The technique is based in previous work; some particular procedures for multilayer formation are presented and discussed below.[​[19]​,​[20]​,​[21]​] A summary of the precursor solution compositions and the conditions to synthesize each of the monolayers used in this work are presented in Table 1. Several templates were used: CTAB (C16H33N(CH3)3Br), Brij 56 (C16H33(EO)10), Brij 58 (C16H33(EO)20) and Pluronics F127, (EO)106(PO)70(EO)106, where EO and PO mean ethylene oxide and propylene oxide monomers, respectively. Si(OEt)4, MTES (H3CSi(OEt)3) and TiCl4 were used as inorganic precursors. In the case of silica films, a first prehydrolysis step by refluxing 1 hour in water:ethanol solution, with [H2O]/[Si]=1 and [EtOH]/[Si]=5 was carried out.[8] Initial silica solutions were made up from a TEOS:EtOH:H2O (0.1M HCl) mixture, with 1:40:5 ratio; reagents were continuously stirred at 60°C for 1 to 3 hours prior to dip-coating.
Silica, methyl-modified silica or titania MPF were labelled SX, SMX or TX, respectively, where X is the surfactant: F for F127, B for Brij 58, B56 for Brij 56 or C for CTAB. Multilayered MPF are identified by their period N, followed by the sequence of MPF used as multilayer building blocks. For example, 4(SF-TF) describes the film in Figure 1(a): 4 periods of F 127-templated silica and F 127-templated titania (i.e. 8 layers); a silica MPF is first deposited on the bare substrate. A subscript added after the layer label indicates the layer thickness, in nm, e.g. 2(SF130-TF160) describes a 2-period multilayer consisting of 130 nm thick F 127-templated silica and 160 nm thick F 127-templated titania, with a silica MPF first deposited on the substrate.
After deposition of each layer, films were submitted to 50% relative humidity (RH) chambers for 24 hours, and a subsequent stabilizing thermal treatment consisting in two successive 24 hour steps at 60 and 130°C, and a 2-10 hour step at 200°C. This consolidation temperature is selected in order to maximise the inorganic condensation, while keeping the template integrity. Successive deposition/consolidation steps are possible. This procedure helps to avoid infiltration of a given layer into the preceding multilayer film. Avoiding infiltration is fundamental, in order to maximize the refraction index contrast between two successive layers, therefore leading to homogeneous coatings with high optical quality. Template is finally eliminated by heating up the multilayer systems to 350-400°C under still air atmosphere in tubular ovens. This sequence of procedures leads reproducibly to transparent crack-free thin films with well-defined spatially separated 3D interconnected and organised mesopore arrays. Titania layers were selectively post-functionalised by grafting bifunctional molecules, as previously reported.[18] The bifunctional molecules adsorb onto the titania and silica surface; however, molecules can be completely removed from the silica surface after thorough washing with THF.[6] Methyl functions are included in silica MPF layers by a one-pot method, using MTES as a co-precursor.[​[22]​] Alternatively, one-pot methods that use organosilane precursors in combination with alkoxides or chlorides can be applied.[​[23]​]




Table 1. Composition of film precursor solutions




SB	SiO2	Brij 58	0.05	10 (HCl 0.008)	40	72-100h	Im3m	[8]
SB56	SiO2	Brij 56	0.05	10 (HCl 0.008)	40	72-100h	Im3m	[8] Diego
SF	SiO2	F127	0.005	10 (HCl 0.004)	40	72-100h	Im3m	[8]
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